Astronomy & Astrophysics manuscript no. Lagardeetal HeSyields'arXiv 


©ESO 2011 


September 28, 2011 





Thermohaline instability and rotation-induced mixing 
ll-Yields of ^He for low- and intermediate-mass stars 

N. Lagarde^ C. Charbonnel''^, T. Decressin^ and J. Hagelberg' 



o 

D 

o 
U 



Geneva Observatory, University of Geneva, Chemin des Mailettes 51, 1290 Versoix, Switzerland 
2 IRAP, UMR 5277 CNRS and Universite de Toulouse, 14, Av. E.Belin, 31400 Toulouse, France 

Submitted to A&A on July 21, 201 1 - Accepted on September 15, 201 1 

ABSTRACT 

Context. The ^He content of Galactic HII regions is very close to that of the Sun and the solar system, and only slightly higher than the 
primordial 'He abundance as predicted by the standard Big Bang nucleosynthesis. However, the classical theory of stellar evolution 
predicts a high production of 'He by low-mass stars, implying a strong increase of 'He with time in the Galaxy. This is the well-known 
"'He problem". 

Aims. We study the effects of thermohaline and rotation-induced mixings on the production and destruction of 'He over the lifetime 
of low- and intermediate-mass stars at various metallicities. 

Methods. We compute stellar evolutionary models in the mass range 1 to 6 Mq for four metallicities, taking into account thermohaline 
instability and rotation-induced mixing. For the thermohaline diffusivity we use the prescription based on the linear stability analysis, 
which reproduces Red Giant Branch (RGB) abundance patterns at all metallicities. Rotation-induced mixing is treated taking into 
account meridional circulation and shear turbulence. We discuss the effects of these processes on internal and surface abundances of 
'He and on the net yields. 

Results. Over the whole mass and metallicity range investigated, rotation-induced mixing lowers the 'He production, as well as the 
upper mass limit at which stars destroy 'He. For low-mass stars, thermohaline mixing occuring beyond the RGB bump is the dominant 
process in strongly reducing the net 'He yield compared to standard computations. Yet these stars remain net 'He producers. 
Conclusions. Overall, the net 'He yields are strongly reduced compared to the standard framework predictions. 

Key words, stars: abundances - stars: interiors - stars :rotation - stars: evolution - stars: low-mass - hydrodynamics - instabilities - 
Galaxy : abundances - Cosmology : primordial nucleosynthesis 
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1. Introduction 

The classical theory of stellar evolution predicts a very simple 
Galactic destiny for ^He, dominated by the production of this 
isotope during the Big Bang nucleosynthesis (BBN) and in stars 
with initial masses lower than ~ 3 Mq. In these objects, ^He is 
produced first through D-processing on the pre-main sequence 
and then through the pp-chain on the main sequence. This fresh 
^He is then engulfed in the stellar convective envelope during the 
so-called fi rst dredge-u p when the stars move towards the red gi- 
ant branch (Ilbenll967h . According to classical modelling it sur- 
vives the following stellar evolution phases before it is released 
in the interstellar matter th rough stellar wind and pla netary 



nebula ejection {R ood et a ll 119761: IV assiliadis & Woo dI 119931: 
Dearborn et al IT996ciWeiss et al.lll996tiForest ni & Charbonnell 
1997h . Two"planetarv nebulae, namely NGC 3242 and J320, 



whose estimated initial masses were slightly higher than that 
of the Sun, have been found to "behave classically": they are 
presently expelling freshly synthesized elements among which 
is -^He with the amount predicted by classical stellar models 
(iBalser et al.lll997l[T999ll2006tlGalli et al.lll997h . 

As a consequence, one expects a steep increase of ''He with 
time in the Galaxy with respe ct to its primordial abundance 
(see e.g. IWilson & Roodl[T994h . this latest quantity being well 



' Classical (or standard) stellar models consider convection as the 
only mixing mechanism inside stars, and neglect all possible transport 
processes in stellar radiative regions. 



constrained through accurate determination of the baryon den- 
sity of the Universe by recent cosmic microwav e background 
experiments, most partic ularly from WMAP dSpergel et al.l 
120031: iDunklev et al.ll2009l) . which has led to an unprecedented 
precision on the yields of standard BBN dCoc et al. 1 12001 
Cvburt et al. 2008). Galactic HII regions in particular should be 
highly enriched in ^^He because their matter content chronicles 
the result of billion years of chemical evolution since the Milky 
Way formation. Additionally, the present -^He/H abundance ra- 
tio is expected to be higher in the central regions of the Galaxy, 
where there has been more substantial stellar processing than in 
the solar neighbourhood. However, the ^He abundance in HII re- 
gions that sample a large vo lume of the Galactic disk is found to 
be relatively homogeneous ( Rood et alj 19791 : iBalser et"al]|I994 



ll999HBania et al.ll 19971120021120101) : its average value is similar 
to t hat of the Sun at the epo ch of its formation (for references 
see iGeiss & Gloeckleill2010l) . and only slightly higher than the 
WMAP-hSBBN primordial abundanc^ No observational evi- 
dence is found therefore for the strong enrichment of this ele- 
ment in the Galactic history, contrary to expectations from all 
chemical evolution models that t ake into account ^He yields 
from classical st ellar models (e.g. iGaUi et alJ[T995L lOlive et al.l 
[T995l:lTbsi|[T996l) . 



- The average abu ndance in Gala ctic HII regions is 
'He/H=(1.9±0.6)xl0"' iBania et al.l l2002h . Th e protosolar and 
SBBN-WMAP values are 'He/H=(1. 5±0.2)xl0-^ llGeiss & Gloeckleil 
Il998h and 'He/H=(1.04+0.04)xl0-^ dCoc et al.ll2004l) ! 
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This is the well-known "^He problem" that could be solved 
if only ~ 10 % or less of all low-mass stars were actually releas- 
ing -^He, as predicted by the classical stellar the o ry ^Tosi 199 8), 
2000; PaUa et al.l l20od IChiappini etaP l2002t iRomano etHl 
20031) . among which are NGC 3242 and J320. In other words, 
the lack of increase of the Galactic -^He abundance can be 
accounted for if most (> 90 %) low-mass stars consume most 
of the ^He they produce during the main sequence before it 
can be released into the interstellar medium. This calls for 
a physical process that is ignored by the classical theory of 
stellar evolution, but whose spectroscopic signatures have been 
revealed long ago at the surface of relatively bright low-mass red 
giants. In particular, one observes a sudden drop of the surface 
'^C/'^C ratio as low-mass stars evolve beyond the so-called 
luminosity bump on the red g iant branch (RGB) well after 
the end of the first dred ge-up (Gilrovl 1989t Gilrov& Brown 
T99r; 'Charbonnel'1994'; Charbonnel et al."1998': 'Gratt on et al ' 
2000i: iTautvaisiene et al., i2000i: .Tautvaisiene et al. 



Shetrone 2003 



20031: ISpiteetal.1 



2005 



2006; 



Pilachowski et al 

Recio-Blanco & de Lavernvl 
2010bh . This behaviour, which is not predicted by standard 



20071: ICharbonnel & Lagardd 



stellar modelling, appears to be almost universal. Indeed, about 
96% of all low-mass bright red giant stars exhibit unexpectedly 
low '^C/'^'C, regardless o f whether they belong to the field, t o 
open or globular clusters (ICharbonnel & Do Nasciment olll998 | ). 
or ev en to external galaxies (Smith etal. 2002; Geisl er et al.l 
I2OOI . 

This high number satisfies the Galactic requirements for 
the evolution of the ■'He abundance because the mechanism 
responsible for the low values of '^C/'^C is also expected to 
lead to the depletion of ^He by a la rge factor in the stel- 
lar envelopes, as initial ly sugg ested by Roodetal.1 (11984 see 
alsolCharbonnell(ll995b : lHogad([T995l) : ISackmann&Boothro^^ 
(Il999h : lEggleton et al.l (l2006h). T h is corre latio n was recently 
confirmed by Charbonnel & ZahTil (l2007bl) and lEggleton et al.l 
(I2OO8I) . who included the transport of chemi cals caused by 
thermohaline mixing in stellar mode ls (see also IStanclifife et all 
l2009HCharbonnel & Lagardel2010al) . In red giant stars, this dou- 
ble diffusive instability (also called "fingering convection"), is 
induced by the mean molecular weight inversion created by the 
^He(^He,2p)"^He reaction in the region bet ween the hydrogen- 
burnin g shell and the convective envelope ( ICharbonnel & ZahnI 
l2007bln . It sets in naturally as soon as stars reach the so-called 
luminosity b ump on the RGB. However, a nd importantly in the 
^He context, ICharbonnel & Zahiij (l2007ah proposed that ther- 
mohaline mixing can be inhibited by a fossil magnetic field 
in red giant stars that are the descendants of Ap stars. As a 
consequence, these "stubborn" objects are expected to enrich 
the ISM with ^He as predicted by standard models and as ob- 
served in very rare planetary nebulae. Their relative number 
is low ( of the order of 2-5% of a ll A-type stars, see refer- 
ences in ICharbonnel & ZahnI 1200731) . which helps in principle 
to reconcile the long-standing problem of ^He overproduction 
on Galactic timescales with the measurements of ^He/H in plan- 
etary nebulae Uke NGC 3242 and J320. 

In order to validate the whole picture quantitatively, one 
needs to compute ''He yields for stars of various masses and 
metallicities that contributed to the chemical evolution of the 
Galaxy, taking into account the various processes that may 



^ Atte ntion to the local depr ession of // occurring in RGB stars was 
drawn bv lEggleton et al.l ( 120061) . although the peculiarity of this nuclear 
re action that con verts two particles into three was already pointed out 
bv lUlricH l fT97Th in a different stellar context. 



modify stellar nu cleosynthesis. This is the aim of the present 
work. In Paper I (ICharbonnel & Lagardd l2010ah we presented 
evolution models for low- and intermediate-mass solar metal- 
licity stars including the effects of both thermohaline and 
rotation-ind uced mixing. This study ext ended the former cal- 
culations bv ICharbonnel & ZahnI (l2007bh that focussed on low- 
metallicity stars and confirmed that thermohaline mixing is po- 
tentially the universal process that governs the photospheric 
composition of low-masfl bright giant stars. In both papers we 
showed that when describe d with the prescription adopted by 
ICharbonnel & ZahnI (l2007bi see § 2.2) this mechanism, whose 
efficiency on the RGB increases with decreasing initial stellar 
mass and metallicity, accounts very nicely for the observed be- 
haviour of ^^C/^^C, [N/C], and Li while efficiently lowering the 
^He content in low-mass bright RGB stars of various metallici- 
ties. On the other hand, we also showed in Paper I that rotation- 
induced mixing on the main sequence changes the stellar struc- 
ture so that it slightly re-enforces the effects of the thermoha- 
line instability in low-mass stars and explains the observed fea- 
tures of CN-processed material in more massive evolved stars 
that do not undergo thermohaline mixing on the RGB. Last but 
not least, in Paper I thermohaline mixing was found to lead to 
additional ^He depletion associated to Li production in all the 
solar-metallicity models that we computed along the thermal 
pulse phase on the asymptotic giant branch (TP-AGB), confirm- 
ing the previous findings by StancliflJ'e ( 2010.) for low-metallicity 
low-mass stars. This accounts beautifully for the Li behaviour in 
Galactic oxygen-rich AGB variables. 

Based on these successes we presently extend the compu- 
tations at different metallicities within the same framework to 
quantify the impact of thermohaline and rotation-induced mix- 
ings on the yields of ^He in low- and intermediate-mass stars 
that are classicaly considered to be net producers of ^He. In 
§ 2 we briefly recall the assumptions and input physics of our 
stellar models. In § 3 we present the theoretical predictions for 
'^He nucleosynthesis both in standard (or classical) models and 
in models where thermohaline and rotation-induced instabili- 
ties are taken into account. The corresponding yields of ^He are 
given and discussed in § 4. The impact of our new ^He yields 
on Galactic chemical evolution will be presented in a separate 
paper. 

2. Input physics of the stellar models 

2. 1 . Basic assumptions 

We present predictions for stellar models computed with the 
code STAREVOL (V3.00) for a range of initial masses between 
0.85 and 6 mM and for four metalUcities Z^O.OOOl, 0.002, 
0.004, and 0.14, which correspond to [Fe/H]= -2.16, -0.86, 
-0.56, and CQ- For each given stellar mass and metallicity, mod- 
els are computed from the beginning of the pre-main sequence 

We define low-mass stars as those that climb the red giant branch 
with a degenerate helium core; their initial mass is typically lower than 
2-2.2 Mq depending on metallicity. Intermediate-mass stars are those 
that ignite central helium-burning in a non-degenerate core at relatively 
low luminosity on the RGB, and finish their lives as C-0 white dwarfs. 

' We do not compute models for more massive stars (i.e., with ini- 
tial mass higher than ~ 6 Mq) that are anyway considered as net ''He 
destroyers within the standard framework since a large amount of their 
material is processed at temperatures high e nough to burn any present 
''He to ■♦He or beyond ( {Dearborn etaPi 19861) . 

* The ratio measuring the enrichment in *He reported to the enrich- 
ment in heavy elements in the Galaxy until the birth of the Sun is taken 
equal to AK/AZ = 1.29 (see Lagarde et al., Paper III, in prep.). We 
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(along the Hayashi track) up to the end of the second dredge- 
up on the early-AGB with different assumptions: (1) standard 
(no mixing mechanism other than convection), (2) with thermo- 
haUne mixing only, and (3) with both thermohaline and rotation- 
induced mixing. Selected models are pursued along the TP-AGB 
up to the end of the superwind phase (see ^2. 3 1 and [3] for details). 
The general evolution and detailed characteristics of the ensem- 
ble of our models are presented in Paper III (Lagarde et al., in 
prep.) of this se ries. 

We refer to ICharbonnel & Lagardd (1201 Oal) and to Paper III 
for a detailed description of the physical ingredients of the mod- 
els. For the primordial D/ H at all Z we ass umed the WMAP- 
SBBN value of 2.6.10"^ dCoc et all l2004l) which is higher 
than the protosolar value 2.1 ±0.5x10"^ dGeiss & Gloeckleil 
Il998l) .ln addition, the initial value of ^He/H is assumed to vary 
with the metallicity from ^He/H^l. 17x10"^ for 7=0.0001 to 
3He/H=1.31xlO-5 for 2=0.014. 

For the nuclear reactions inv olving ^He we used the nominal 
rates from NACRE compilation (lAngulo et al.lll999h ; the corre- 
sponding uncertainties are less than 6% (except for D(H,y)^He, 
for which it amounts to 40%) and are therefore not affecting our 
conclusions. Convection was treated within the standard mixing 
length theory with an ff-parameter taken equal to 1.6, and no 
overshooting or semi-convection was included. We assumed in- 
stantaneous convective mixing, except when hot-bottom burning 
occurs, which requires a time-dependent convective diff usion 
algorithm as developed in iForestini & Charbonnell ( Il997l) . The 
treatment of transport processes i n radiative regio ns is described 
in ^2.21 For mass loss we used the lReimersl(ll975h formula (with 
TjR=0.5) up to central hehu m exhaustion and then shifted to the 
IVassiliadis & Wood (Il993h prescription on the AGB. 

2.2. Transport processes in radiative regions 
2.2.1. Thermohaline instability 

For the ther mohaline diffusivity we used the prescription ad- 
vocated by ICharbonnel & Zahril (l2007bl) that beautifully re- 
produces RGB abundance patterns at all metalliciti es (see 
§1). I t is based on the linear stability analysis by lUMchl 
(Il972h of the Boussinesq equations that describe motion in a 
nearly incompressible st ratified viscous fluid, and includes the 
iKippenhahn et al.l(ll980l) terms for a non-perfect gas (for more 
details see Charbonnel & Zahnll2007bt ICharbonnel & Lagardd 
l2010ah . The corresponding favoured geometry of the instability 
cells is that of long thin fingers with the aspect ratio (i.e., max- 
imum lengt h relative to th eir diameter, a - Ijd - 5 to 6) first 
obtained by lUlrichI ( Il972h and supported by the iKrishnamurtil 
( l2003h laboratory experiments. Although it is quite successful 
in reproducing the abundance data for evolved stars over a wide 
range in bot h mass and metallici ty as shown in our previous stud- 
ies (see also iDenissenkovlbO 1 Ol) . this value for a turns out to be 
~ 5-10 times higher than that obtained by curre nt 2D and 3D 
numerical simulations of thermohaline convection ( Denis senkovl 
2010'; 'Denissenko y & MerrvfieldllMlt iRosenblum et alJl201 iT 
Traxler et aL ,201 II) . However, these simulations are still far 
from the stellar regime. Indeed, even in the "best" case they 
are r un at moderatly low values of the Prandtl number (1/3 to 
l/30 lTraxleret al.ll201lh . which is several orders of magnitude 
away from stellar conditions. In the outer radiative wing of the 




2 4 
Stellar Mass M. (Mj 

Fig. 2. Maximum depth in mass of the convective envelope rel- 
ative to the total stellar mass reached during first and second 
dredge-up (solid and dashed lines respectively) as a function of 
initial stellar mass and for the different metallicities, as indicated 
by the colours of the curves. 



hydrogen-burning shell of a low-mass RGB star, the Prandtl 
number varies indeed from ~ 3 x 10"^ to 3 x 10"^. The same 
difficulty arises when the density ratio assumed in the simula- 
tions is concerned (up to 7 maximum, compared to ~ 2 x lO-' 
in the RGB case). This casts some doubt on the accuracy and 
applicability in the stellar regime of the corresponding empiri- 
cally determined transport laws. Additionally (and not surpris- 
ingly), the use in stellar models of the corresponding low a 
values pr ecludes surface abund ance variations on the RGB as 
shown bv lWachlin et al.l ( 1201 lb . In our view, this urgently calls 
for a numerical exploration of low Peclet values. Before this be- 
comes available, we keep to the analytical prescription that is 
able to describe the observational data on the RGB at all metal- 
licitie s so well, and thus p e rform o ur c omputations with a — b 



assume [ajFe} = at all metallicities, which has a negligible impact 
on the final yields of ''He. Indeed, for the [1.5 Mq; Z=0.0001] models 
the ^He yields are only ~4.6-4.7% (standard and thermohaline cases 
respectively) higher when [ff/Fe] is increased to 0.3. 



ICharbonnel & ZahnI (l2007bl) and ICharbonnel & Lagardd 



2.2.2. Rotation-induced mixing 

Rotation-induced mixing is treated as in Charbonnel & Lagarde 
(2010; see also IPecr essin e t al, 20 091) using the complete for- 
malism developed by IZahnI ((19921) and iMaeder & Zahril (1 19981) 
that takes into account the evolution of angular momentum and 
chemicals under the combined action of meridional circulation 
and shear turbulence. This complete treatment is applied up to 
the RGB tip or up to the second dredge-up for stars with masses 
below or above 2 M©, respectively. 

For all rotating models the initial rotation velocity on the 
zero age main sequence, VzamSj is chosen equal to 45% of the 
critical rotation velocity of the corresponding model at that evo- 
lution point, Vcrit. This corresponds to the mean observed values 
for these stars (see more details in Paper III and Ekstrom et al., 
submitted). A couple of models were computed with higher ini- 
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Z = 0.014 
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Fig. 1. "'He profile (in mass fraction) at the main-sequence turnoff for models of various masses as indicated and for two values of 
the metallicity (Z=10"^ and Z© in the left and right subpanels respectively). The horizontal arrows indicate the initial ■'He content 
assumed at stellar birth. The vertical lines show, in each case, the maximum depth reached by the convective envelope during the 
first dredge-up. (Left) Standard models. (Right) Models including rotation-induced mixing, assuming an initial rotation velocity 
equal to 45% of the critical velocity on the zero age main sequence; for the [2, 4 MO; Zo and Z=10"'^''] rotating models, the dotted 
curves correspond to predictions assuming VzAMsA'crit~0.90 



tial rotation velocities to quantify the impact on the ^He yields 
(see the values in Table 1 and 4 and §3 and 4 for a discussion). 



2.3. Computation of the ^ He yields 

Except in a few cases that will be discussed in detail in § |3] 
the standard computations were stopped at the end of the sec- 
ond dredge-up on the early-AGB (label A in the last column 
of Tables 1 to 4), and the net ^He yields are extrapolated as 
described below. For some of the non-standard models, how- 
ever, we pursued the computations on the TP-AGB including 
the effects of thermohaline instability. For rotating stars and for 
one classical star (6.OM0) that currently undergoes a hot-bottom 
burning process (HBB), models were computed until the com- 
plete consumption of ^He in the stellar envelope if it is reached 
on the TP-AGB phase (label B in Tables 1 to 4 ). For non- 
standard models that do not undergo HBB, we stopped the com- 
putations either at the end of the second dredge-up on early AGB 
or at the end of the superwind phase at the AGB tip (labels A and 
C in Tables 1 to 4). 

In cases A and B the net ^He yields have to be extrapo- 
lated from the ^He content of the convective envelope in the 
last model computed along the corresponding evolutionary se- 
quence. To estimate the mass lost from that point u p to the AGB 
tip, we used the relation by iDobbie et alJ (l2006h between the 
initial stellar mass and the mass of the white dwarfs (Mgnai - 
0.289Minitiai + 0.133). In addition, we assume that the ■'He abun- 
dance does not change at the stellar surface and consequently 
in the stellar wind during the final evolution on the TP-AGB. 
This assumption is reasonable for stars with initial masses lower 
than, or equal to ~ 3 that do not undergo hot-bottom burn- 



ing on the TP-AGB, and in which the thermohaline instability 
leads only to very modest ^He depletion during that phase, as 
will be discussed below. The impact of these hypotheses will be 
quantified in §[3]and|4] 



3. ^He nucleosynthesis and surface abundance 

3. 1 . Standard predictions for tlie production and destruction 
of^He in low- and intermediate-mass stars 

3.1.1. STAREVOL standard predictions 

While on the pre-main sequence, low- and intermediate-mass 
stars are converting pristine D into ^He via proton-capture at 
relatively low temperatures (> 6 xlO''K ) within their contract- 
ing interior. Then on the main sequence a peak of fresh ''He 
builds up in these objects as a result of the competition within 
the pp-chain between the production reactions (namely p(p, D) 
followed by D(p, ^He)) and the destruction ones (i.e., ^He(^He, 
"'He), ^He(^He, 7Be)). The position and size of the peak depends 
on the stellar mass and metallicity, as can be seen in FiglT](left 
panels for the standard models). Lower initial stellar mass at a 
given metallicity as well as higher metallicity at a given stellar 
mass both result in a higher ^He abundance outside the regions of 
complete pp-processing caused by a longer main-sequence life- 
time and by the dominance of the pp-chains with respect to the 
CNO-cycle. Additionally, lower initial mass and higher metallic- 
ity imply a more extended and deeper (in mass) ''He-rich region 
owing to lower temperatures at given depths as well as flatter 
dT/dMi- gradients within the stellar interior during the evolution 
on the main sequence. Consequently, the net production of ^He 
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Fig. 3. Evolution of the surface abundance of He as a function of stellar luminosity for 1.5 models with Z=10 and Z© as 
indicated. Main evolution steps are pointed out with different symbols. (Left) Standard case computed up to the end of the second 
dredge-up only. (Right) Models including either thermohaline mixing only (black solid lines), or both thermohaline and rotation- 
induced mixing (red dashed Unes; Vzams /Vent - 0.45); at Z© the non-standard models are both computed up to the AGB tip. 



during that phase increases with decreasing stellar mass and in- 
creasing metallicity. 

When stars move towards the RGB, their convective enve- 
lope deepens until they reach the region indicated by the verti- 
cal lines in Fig[T] and engulfs all or part of the fresh ^^He peak. 
The first dredge-up efficiency (in terms of maximum penetra- 
tion depth of the convective envelope) decreases with decreasing 
metallicity as shown in Fig[2](at Z=10"'*, no first dredge-up oc- 
curs for stars more massive than ~ 3.0 M©). As a consequence, 
the surface abundance of ^He increases by a factor that depends 
on the initial stellar mass as well as on the metallicity, as can be 
seen in FigHH and|M 

During the subsequent evolution on the RGB that proceeds 
on shorter timescales compared to the main-sequence lifetime, 
H-burning is concentrated in a very small (both in mass and ra- 
dius) radiative shell that surrounds the degenerate helium core 
and is dominated by the CNO-cycle. There is thus no signif- 
icant further ^He production inside evolved stars. In addition, 
the temperature in their convective envelope remains always low 
enough to preserve the freshly dredged-up ^He. Consequently 
and as far as standard models are concerned, there is no other 
change in the ''He surface abundance until the stars undergo the 
second dredge-up on the early-AGB. During this short episode 
the convective envelope deepens again (see Fig. ^ and reaches 



^ The evolution of the 'He abundance at the surface of 6 Mq standard 
models depicted in Fig.|4]for the two extreme Z values shows a couple 
of peculiarities compared to the case of low-mass stars. For such a rela- 
tively massive star, the base of the convective envelope withdraws very 
quickly on the pre-main sequence, precluding any increase of the sur- 
face 'He during that phase. However, because of mass loss, the layers 
enriched in 'He by pristine D-buming appear at the surface later on. In 
addition, no first dredge-up occurs in the lowest Z 6 Mq model (see also 
Fig.|5}. 



^'He-free regions, which induces a slight decrease of the surface 
abundance of this element (see Fig|3]|4] and|5]l. 

Except in the few cases discussed below (see Tables 1 to 
4), we stopped our standard computations at that phase. For 
low-mass stars the standard models published in the literature 
predict that the ^He stored in the stellar convective envelope 
survives the TP-AGB phase before it is injected into the ISM 
by stellar wind and planetary nebula ejection (see references in 
§ I3.1.2I I. This agrees with our standard [1.5, 2Mq; Zq], [1.0; 
Z=0.004], and [1.0, I.5M0; Z=0.002] models that we computed 
up to the AGB tip and for which surface ^He abundance re- 
mains constant during the TP-AGB phase. Note, however, that 
in stars with initial masses higher than ~ 3.5-4 Mq, hot-bottom 
burning during the TP-AGB phase induces ^He-burning at the 
base of the convective envelope and thus reduces the abun- 
dance of thi s element in the whole envelope and at the stel- 
lar surface (Sackmann & Boothrovd 1992 ; Weiss et al.l 1 9961; 



iForestini & Charbonnell Il997t ISackmann & Boothrovdl 119991) 
Because of this process ^He can even be completely destroyed at 
the AGB tip in the most massive intermediate-mass stars (see the 
standard [6 M©; Zq] model in Fig.|4]i, so that the corresponding 
net yields are negative. This will be discussed in more detail in 
33.21 where we present the computations up to the TP-AGB tip 
for complete models including the effects of thermohaline and 
rotation-induced mixing. 



3.1 .2. Surface abundances prior to the TP-AGB and 

comparison witli standard models from tine litterature 

In Fig|5]we present the standard predictions for the surface abun- 
dance of ^He after both first and second dredge-up episodes 
(solid and dashed lines respectively) as a function of initial stel- 
lar mass for the four considered metallicity values. Note that the 
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to the end of second dredge-up only, while the Z© one is carried out until the AGB tip. (Right) Models including thermohaline mixing 
only (black solid lines), and including both thermohaline and rotation-induced mixings (red dashed hues; Vzams I - 0.45). These 
rotating models are computed until the AGB tip. 
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Fig. 5. Surface abundance of -^He (in mass fraction) at the end of first and second dredge-up episodes (solid and dashed black 
lines respectively) as a function of initial stellar mass and for the four metallicities considered (for the 3 to 6 M© standard models 
at Z=0.0001 that do not undergo first dredge-up, we show instead the ^He surface abundance at the main-sequence turnoff). Red 
dotted curves indicate the initial ^He abundance and total D-(-''He assumed at stellar birth. (Left) Standard models. Full red triangles 
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2DUP respectively) are predictions bv .Sackmann & Boothrovdid 19991) forZ© and Z=10 (Right) Models including thermohaline 
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3 to 6 Mq models at Z=0.0001do not undergo the first dredge-up 
(see Fig.|2]l. In this case we show the ^He surface abundance at 
the end of the main sequence and after second dredge-up (solid 
and dashed). 

The assumed initial ''He abundance as well as the total ini- 
tial D+^He are also indicated in Fig|5] This confirms that in the 
standard case, stars with an initial mass lower than ~ 3.5-4 
that do not undergo hot-bottom burning are expected to strongly 
enrich the Universe with ^He. The mass dependency described 
above also clearly shows up. 

In this fig ure we also compare our standard predictions 
with t hose by IWeiss et al] (1 1 9961) and ISackmann & Boothrovdl 
( 1 9991) at solar metal l icity on one hand, and those by 
ISackmann & Boothrovdl (Il999l) for 2=10^"* on the other hand. 
An excellent agreement is found with these standard theoretical 
models. 



3.2. Models including rotation-induced mixing and 
thermohaline instability 

In Paper I we discussed at length the impact of both rotation- 
induced mixing and thermohaline instability on the structure and 
chemical properties of low- and intermediate-mass stars at var- 
ious phases of their evolution. Here we only briefly summarize 
the main points, focusing on ^He. 

Note that in low-mass stars, thermohaline mixing induced 
by the molecular-weight inversion due to the ^He(^He,2p)''He 
reaction sets in only at the RGB bump. Up to that phase, pre- 
dictions for models including only this process (i.e., not includ- 
ing rotation-induced effects) are therefore similar to the standard 
ones described above (in particular the predictions are the same 
for ^He surface values caused by first dredge-up), and they start 
differing only on the upper RGB. In the case of intermediate- 
mass stars, thermohaline mixing starts playing a role even later, 
i.e., on the TP-AGB phase. However, rotation-induced mixing 
has an impact already in the earlier phases for all stellar masses, 
as described below. 



3.2.1. Main-sequence abundance profiles and first 
dredge-up 

As known for a long time (see references in Paper I), rotation- 
induced mixing modifies the internal structure of main-sequence 
stars, and smoothes out the abundance gradients with respect to 
the standard case. Consequently, the ^He production is moder- 
atly affected by the slightly higher temperature in the rotating 
models compared to the standard case for a given stellar mass 
and metallicity during central H-burning. But more importantly, 
the ^He peak is spread out and fresh ''He is expected to reach the 
stellar surface during the main-sequence lifetime. The resulting 
profiles at turnoff are shown in FiglUand can be compared to the 
standard ones (left and right panels respectively). At that evolu- 
tion point, the total ^He content for a star of given initial stellar 
mass and metallicity is slightly lower in the rotating case. As 
can be seen in FigH] the higher the initial rotation velocity, the 
stronger the effect. 

Additionally, the structural and chemical changes caused by 
rotation on the main sequence favour a slightly deeper pene- 
tration of the convective envelope during the subsequent first 
dredge-up episode (because the mass of the He-core is slightly 
larger at the end of the main sequence in the rotating case), which 
leads to the engulfment of larger ^He-free regions that lie below 
the peak. As a consequence, post dredge-up ^He values are lower 



when rotation is accounted for than in the standard models, as 
can be seen in Figl3]|4l and|5] and in Tables 1 to 4. The effects 
are stronger for increasing stellar mass and decreasing metallic- 
ity. 



3.2.2. Red giant brancli 

In the advanced evolution phases the total diffusion coefficient 
associated to rotation is too low to indu ce abundance changes 
at the stellar surface (see below, and also Chaname et al.ll2005l: 



iPalacios et aDl2006t ICantieUo & Langeijl2008ll2010l and Paper 
I). However, for low-mass stars the surface abundances change 
after the RGB bump with respect to the post dredge-up val- 
ues, because of thermohaline mixing induced by the molecular 
weight inversion created by the ^He(^He,2p)"^He reaction in the 
outer wing of the hydrogen-burning shell. Figure |6] compares 
the diffusion coefficient associated to the thermohaline instabil- 
ity, Dthc, for a 1.25 Mq star at different metallicities, to the total 
diffusion coefficient associated to rotation, Drot, that character- 
izes the transport of chemicals caused by meridional circulation 
and shear turbulence. For each model these quantities are shown 
at the evolution point on the RGB when the surface abundances 
start changing because of thermohaline mixing (this refers to the 
evolution point C1.25 in Fig.l of Paper I) . In all cases, Dthc is at 
least 2 to 3 orders of magnitude highe r than Diot (see also Paper 
I, and lCantiello & Langeill2008ll2010l) . 

As d iscussed in detail in Paper I and in lCharbonnel & ZahnI 
(l2007bl) . the present prescription for the thermohaline diffu- 
sivity accounts for the observed behaviour of '^C/'-'C, [N/C], 
and lithium in low-mass stars that are more luminous than the 
RGB bump. It simultaneously leads to strong "'He depletion 
in the stellar e nvelope, as can be seen in Fig. [3] (see also e.g. 
ICharbonnel & Zahn 2007bl). However, ^He is not completely de- 
stroyed at the RGB tip, and therefore it can drive the thermoha- 
line instability in the latter evolution phases, as discussed below. 

3.2.3. Early-AGB and ^He surface abundances after tine 
second dredge-up 

In stars with initial masses lower than, or equal to 2 and 1.5 M© 
for Z-Zq and Z=0.0001 respectively (with intermediate values 
for the upper mass limit for the intermediate metallicities), the 
''He abundance continues to decrease at the stellar surface be- 
tween the end of central helium burning and the second dredge- 
up episode through thermohaline mixing, as can be seen in Fig|3] 
On the other hand, in more massive stars rotation induces a de- 
crease of the ^He surface abundance during central helium burn- 
ing and on the early-AGB (see FigHJi before they undergo the 
second dredge-up (Fig|2|. When integrated over the whole evo- 
lution, changing VzAMs/Vcrit from 0.45 to ~ 0.9 leads to a de- 
crease of the ''He surface abundance after the second dredge-up 
of ~ 5, 11.5, and 22, 23 % in the [2 Mq; Zq], [4 Mq, Zq], and 
[2 Mo; Z= lO-""*], [4 Mq; Z= lO"'"*] models respectively (see 
TableEli. 

The resulting surface ■'He values after second dredge-up are 
shown in Fig|5] (right panels) for the non-standard models over 
the whole mass and metallicity range. In summary, compared to 
the standard case (left panels), one finds that the thermohaline 
instability dominates in reducing the ''He content of low-mass 
stars, while the dominating process is rotation for intermediate- 
mass stars. The impact of both mechanisms increases with de- 
creasing metallicity. 
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Fig. 7. (From top to bottom) Evolution along the TP-AGB of the surface abundance of ^He, of N(Li), of the temperature at the 
base of convective envelope, of the helium-burning luminosity, and of the total stellar mass. The abscissa is the time since the first 
thermal pulse. Left and right respectively: 2.5 and 6 Mq at Z© models computed with thermohaline and rotation-induced mixings 



3.2.4. TP-AGB 

After the second dredge-up, ^He remains in sufficient quantity 
to drive thermohaline mixing during the TP-AGB in stars that 
do not undergo hot-bottom burning (i.e., wit h initial mass below 
~ 3 Mq). As discusse d in Paper I (see also ICantiello & LangeJ 
l2010HStancliff^el2010l) . this leads to even greater (although mod- 
est) depletion of ^He associated to ^Li production during that 
phase. This is depicted in Fig|7]as a function of time since the 
first thermal pulse for a rotating [2.5 Mq; Z©] model computed 
with thermohaline mixing up to the AGE tip (left panels). This 
figure also shows the temperature at the base of the convective 
envelope, the helium-burning luminosity, and the total stellar 
mass. When compared to the [1.25 M©; Zq] model discussed 
in Fig. 7 of Paper I, a slight difference shows up. In the 2.5 
and from pulse number four on, the convective envelope deep- 
ens immediatly after each pulse inside the thermohaline region, 
re-inforcing the thermohaline effect modifying the surface abun- 
dances, as can be seen in Figl8](which focusses on pulses num- 
ber 7 to 9). Note, however, that the decrease of ^He at the stellar 
surface owing to the whole process along the TP-AGB is mod- 
est, and that ^He is not completely destroyed when these stars 
reach the TP-AGB tip (see also Tables 1 to 3). In this framework 
low-mass stars accordingly remain net ^He producers. 

Figure [T] also shows the evolution during TP-AGB of ■'He 
and ^Li abundances at the surface of the non-standard [6.OM0, 
Zq] model. For such a relatively massive star •'He is not abun- 
dant enough to drive thermohaline mixing during thermal pulses. 
However, the temperature at the base of the convective envelope 
is sufficient to engage hot-bottom burning. As a consequence, 
the surface abundance of ''He decreases very rapidly, until com- 
plete destruction. The simultaneous ^Li enrichment at the stellar 
surface is caused in this case by the ICameron & Fowled ( [T97I 
process. 



4. Yields of ^He and conclusions 

We can now summarize our study by quantifying in terms 
of yields the impact of thermohaline instability and rotation- 
induced mixing on the production and destruction of ^^He by 
low- and intermediate-mass stars at various metallicities. The net 
yields of ^He are shown in Figure |9] for all our models and are 
also given in Tables 1 to 4. There one can find for selected mod- 
els comparisons between the yields obtained when computing 
the models until the end of second dredge-up only (case A), or up 
to the AGB tip (case C). Because the decrease of ^He caused by 
thermohaline mixing during the TP-AGB is very modest for low- 
mass stars compared to what happens on the RGB, the difference 
between the extrapolated yields (A) and the ones obtained from 
the full computations (C) is below ~ 12% only. 
Our main results may be summarized as follows; 

- Over the whole mass and metallicity range considered, the 
total ^He content is lowered when rotation-induced mixing 
is accounted for compared to the standard case. 

- For low-mass stars (M<2-2.2 M0) that produce large quan- 
tities of this light element through the pp-chains on the main 
sequence, thermohaline mixing on both the RGB and the TP- 
AGB is dominant in reducing the final ^He yield. These stars 
remain net producers of ^He however, although their con- 
tribution to the Galactic evolution of this light element is 
strongly reduced compared to the standard framework. 

- For intermediate-mass stars thermohaline mixing does not 
operate on the shorter RGB (these stars ignite central He- 
burning before reaching the RGB bump). 

- For those with masses between 2-2.2 and 3-4 M©, thermo- 
haline mixing leads however to modest ^He depletion during 
the TP-AGB phase, associated with lithium production. 

- In more massive intermediate-mass stars, ■'He is strongly re- 
duced through the action of rotation that lowers the upper 
mass limit for stars that are net ■'He producers, and is ad- 
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Fig. 6. Thermohaline diffusion coefficient, Dthc, and total ro- 
tation diffusion coefficient, Drot, (solid and dashed lines re- 
spectively) as a function of reduced stellar mass, 6M {6M - 
'"^'f' = at the base of the hydrogen-burning shell, Mhbs; 

MbcE-MhbS ^ o o ' iiuoT 

6M = 1 at the base of the convective envelope, Mbce) for 1 .25M0 
models at different metallicities. In each case the evolution point 
is chosen at the luminosity when thermohaline mixing connects 
the hydrogen-burning shell with the convective envelope (see 
text) 

ditionally destroyed through hot-bottom burning while they 
climb the TP-AGB. In these objects Li is produced through 
the classical Cameron-Fowler mechanism. 

The impact on Galactic evolution predictions of these new ^He 
yields will be presented in a forthcoming paper. 
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Table 1. Model results for metallicity of 2=0.0001. 
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th. +rot. 


0.45 


115 


1.08.10'° 


1.79.10""' 


1.56.10""" 


7.17.10""' 


A 




th. +rot. (K=10'') 


0.45 


115 


1.08.10'° 


1 fin 1 n-03 


V.J /.lU 


6.89.10""' 


A 


1.0 


stand. 






5.93.10 


9.38.10 "* 


7.03.10 


O AA 1 A— ( 14 

3.99.10 


A 




thermoh 


- 


- 


5.93.10"' 


9.38.10""" 


1.67.10 "" 


8.54.10""' 


A 




th. +rot. 


0.45 


116 


6.06.10"' 


1.13.10""' 


2.06.10 


1.10.10""" 


A 


1.25 


thermoh 


- 


- 


2.70.10"' 


z n A 1 n— U4 
5. /4.1U 


1 nc 1 n— 04 
1.9D.1U 


1.31.10""" 


A 




th. +rot. 


0.45 


125 


2.65.10 


5.30.10""* 


2.02.10""" 


1 o /' 1 A— 04 

1.36.10 


A 


1.5 


stand. 


- 


- 


1.46.10"' 


3.98.10""" 


3.16.10""" 


2.71.10""" 


A 




thermoh 


- 


- 


1.48.10"' 


Q no 1 n— 04 
J. 95.10 


1 nc 1 n— 04 
1.95.10 


1.60.10""" 


A 




th. +rot. 


0.45 


134 


1.52.10 


3.53.10""" 


2.13.10""" 


1 T/' 1 A— 04 

1.76.10 


A 


2.0 


stand. 


- 


- 


5.70.10"" 


2.26.10""" 


1.85.10""" 


2.57.10""" 


A 




thermoh 






5.69.10"** 


o o/^ 1 n-04 


1 o ^ 1 n-04 


2.05.10""" 


A 




th. +rot. 


U.4j 


1 jU 


no 1 n08 
O.Uo.lU 


1 o I 1 r\—V)A 

l.sl.lO 


1 c 1 1 A— 04 

1.51.10 


1^1 1 n— 04 
i.Dl.lO 


A 




th. -l-rot. 


0.90 


300 


6.08.10"* 


1 "20 1 A— 04 

i.iy.io 


1 1 T 1 A— 04 

1.1 / .lO 


1.18.10""" 


A 


2.5 


stand. 


- 


- 


3.08.10"" 


9.73.10 


1.79.10 


2.50.10""" 


A 




thermoh 






3.08.10"* 




1 . /D. lU 


2.47.10""" 


A 




th. -t-rot. 


U.4j 


1 AT 


J.Z4.1U 


T 1 Q 1 A— 04 

z.lJ.lO 


1 o 1 1 A— 04 

1.31.10 


1 ni 1 n-04 


A 

A 


3.0 


stand. 


- 


- 


2.06.10"** 


8.46.10 


1.33.10 


2.13.10""" 


A 




thermoh 






2.06.10"* 


O.H-D. lU 




2.11.10""" 


A 




th. +rot. 




1 1(\ 
i IxJ 


1 c 1 n08 
Z.tj.lU 


1.47.10""" 


9.51.10""' 


1 T7 1 n-04 
t.J /.lU 


A 


4.0 


stand. 






1.08.10"** 


2.63.10""' 


8.01.10""' 




A 




thermoh 






1.08.10"** 


2.63.10"°' 


8.09.10""' 




A 




th. -l-rot. 


0.45 


152 


1.13.10"** 


1.08.10""" 


6.18.10""' 


-7.1.10""' 


B 




th.-nrot. 


0.90 


304 


1.18.10"** 


9.48.10""' 


4.90.10""' 




A 


6.0 


stand. 






5.15.10"' 


3.26.10""' 


4.65.10""' 




A 




thermoh 






5.16.10"' 


3.26.10""' 


4.68.10""' 




A 




th. +rot. 


0.45 


175 


5.35.10"' 


8.26.10""' 


3.18.10""' 


-1.08.10"" 


B 



Each row contains entries for different assumptions: standard (without thermohaline or rotation-induced mixing); thermohaline 
mixing only; thermohaline and rotation-induced mixing. 



' The initial rotation on the ZAMS 
^ Life time at turn-olf 

' Mass fraction of 'He at the stellar surface after first and second dredge-up 
" Yields of 'He 

' The phase where the computations are stopped is given in the last column: Case A: Model computed until the end of the second 
dredge-up on the early-AGB. Case B: Model computed along the TP-AGB until the mass fraction of 'He at the surface is below 
~10"' due to the HBB process. Case C: Model computed until the end of the superwind phase. In that former case we also give 
the extrapolated A yield value (in brackets, A) 
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Table 2. Same as Table[I]forZ=0.002 













Mass fraction ''He 






M 




^ ZAMsP^ crit 


V^AMS 


life time at TO 


IDUP 


2DUP 


Yield 3 He 










(km.sec"^ ) 


(vr) 










U.O J 


"stand — 






1.24.10^^ 


i .O J . lU 


1 . J J. iU 


6.40.10"'^'^ 






tnernioh 






1.Z4. lU 


i .OZ. lU 


1 . . i u 


/ .O7. lU 


A 
t\ 




th. +rot. 


U.'+J 


1 iA 
1 14 


L.Zj. lU 


1.89.10"*^-^ 


1.76.10"^"^ 


Q 9n 1 n-05 
y.zu. lU 


A 


1 


stand 






ft 79 1 0'^'"^ 

KJ. / jL. L\J 


1 1 S 1 c\-^^ 

1 . 1 J. lU 


y.o4. lu 


^J.OZ.lU , r\.) J.UU.iU 






thermon 






D. / z. lU 


1 1 s 1 

1 . 1 J. lU 


1 .oH". lU 


/"I 1 Q 1 A A 1 riA 1 n-04 
(,i.iy.iu , A) i.uo.iu 






th. +rot. 




1 1 1 


O.yZ. lU 


1.27.10"^^^ 


2.26.10"'^^ 


1. jZ.lU 


A 
A 




LIlClIIlUIl 






Z..OO. iU 


7 19 1 n-'J-^ 

/ . IZ. lU 


Z.H-j. lU 


1 71 in"04 

i . / i . 10 


A 




th. +rot. 


n /I ^ 


1 1 ^ 


on 1 
Z.VU. lU 


0. jU. lU 


9 1 n~0'* 
Z.H-J. lU 


1 77 1 n-04 
1 . /Z. lU 


A 
A 


1 c 

l.J 


stand 








5.03.10"'^"^ 


4.55.10"'^'* 


(A ^ 1 n-U4 A \ /I m in-04 
(4.10.1U , A) 4.UZ.1U 


V. 




LllClIIlUIl 






1 S9 10**^ 


A on 1 0"*^"^ 
■^-.yu. lU 


Z. jO. lU 


z. 1 0. 10 


A 




th. +rot. 






1. J / . lU 


4. JV. lU 


9 1 n-04 
Z.J J. lU 


9 1 c 1 n-04 
Z. 1 J.IU 


A 
A 


Z.U 


stand. 






/.14. lU 


2.95.10"^"^ 


2.79.10"'^^ 


j.Zo.lU 


A 

A 




LIlCillHJIl 






7.14.10**^ 


Z.7J. lU 


9 98 1 n~o^ 

Z.Zo. lU 


V^Z.OU.lU , / Z.UZ.iU 


Q 




th. +rot. 


U.4J 


1 ^7 


7 91 1 n^s 

/.Zl . lU 


Z.O i . lU 


Z. i J. iU 


9 An 1 n-04 

Z.4U. lU 


A 


Z.J 


stand 








2.0.10"'^'* 


1.90.10"'^'^ 


1 Tn 1 n-04 
Z. /U.IU 


A 
A 










3.91.10**^ 




1 07 10"^^ 


2.65.10"*^"^ 






th. +rot. 


U.4J 


1 

140 


4.Uj. lU 


i .OO. lU 


1 .JO. iU 


9 1 a 1 n-04 
Z. 1 J. lU 


A 




stand. 






7 /I Q 1 nut^ 

Z.4o. lU 


1.57.10""" 


1.45. lO-"" 


7 ^7 1 n-04 
Z.J /.lU 


A 
A 




thcrmoh 






2.48.10*^^ 


1.57.10-"-' 


1.44. 10-°-* 


2.35.10"*^"^ 


A 




til. +rot. 


0.45 


153 


2.57.10**^ 


1.26.10-"'' 


i.n.io-"-* 


1.80.10"*^^ 


A 


4.0 


stand. 






1.28. 10'^' 


1.18.10-"" 


9.79.10-"' 


1.93.10"^'' 


A 




thermoh 






1.28.10*^^ 


1.19.10-"" 


1.00. 10-* 


1.99.10"^ 


A 




th. +rot. 


0.45 


163 


1.33.10**^ 


8.80. 10-"' 


7.52.10-"' 


-7.05.10"*^^ 


B 


6.0 


stand. 






5.53. 10'^' 


8.17.10-"' 


5.71.10-"' 




A 




thermoh 






5.53.10**^ 


8.19. 10-"' 


5.72.10-"' 




A 




th. +rot. 


0.45 


170 


5.72.10*^^ 


6.0.10-"^ 


4.40.10-"' 


-1.01.10"°^ 


B 



Table 3. Same as Table[I]forZ=0.004 













Mass fraction -'He 






M 




VzAMsA'.m 


VzAMS 


life time at TO 


IDUP 


2DUP 


Yield 'He 




(Mo) 






(km.sec-') 


(yr) 






(Mo) 




1.0 


stand 






7.64.10"" 


1.23.10-"' 


1.09.10"' 


(6.39.10-"", A) 6.29.10-"" 


C 




thermoh 






7.64.10"" 


1.23.10-"' 


2.02.10-"" 


(1.35.10-"", A) 1.25.10-"" 


c 




th. +rot. 


0.45 


112 


7.69.10"" 


1.40.10-"' 


2.45.10-"" 


1.50.10-"" 


A 


1.25 


thermoh 






3.19.10"" 


7.64.10-"" 


2.72.10-"" 


1.96.10-"" 


A 




th. +rot. 


0.45 


111 


3.49.10"" 


7.27.10-"" 


2.81.10-"" 


2.04.10-"" 


A 


1.5 


stand 






1.66. 10"« 


5.25.10-"" 


4.97.10-"" 


4.41.10-"" 


A 




thermoh 






1.66.10"" 


5.25.10-"" 


2.61.10-"" 


(2.44.10-"", A) 2.26.10-"" 


C 




th. +rot. 


0.45 


119 


1.76.10"" 


4.67.10-"" 


2.69.10-"" 


2.31.10-"" 


A 


2.0 


stand. 






7.54. 10"** 


3.06.10-"" 


2.96.10-"" 


3.47.10-"" 


A 




thermoh 






7.54.10"'* 


3.06.10-"" 


2.52.10-"" 


(3.11.10-"", A) 2.93.10-"" 


C 




th. +rot. 


0.45 


123 


7.98.10"'* 


2.78.10-"" 


2.35.10-"" 


2.68.10-"" 


A 


2.5 


stand 






4.22. 10"** 


2.05.10-"" 


2.00.10-"" 


2.85.10-"" 


A 




thermoh 






4.22.10"'* 


2.06.10-"" 


2.00.10-"" 


2.85.10-"" 


A 




th. +rot. 


0.45 


141 


4.43.10"'* 


1.80.10-"" 


1.76.10-"" 


2.45.10""" 


A 


3.0 


stand. 






2.69.10"** 


1.57.10-"" 


1.50.10-"" 


2.46.10-"" 


A 




thermoh 






2.68. 10"** 


1.57.10-"" 


1.49.10-"" 


2.43.10-"" 


A 




th. +rot. 


0.45 


147 


2.80.10"'* 


1.32.10-"" 


1.26.10-"" 


1.98.10-"" 


A 


4.0 


stand. 






1.25. 10"** 


1.11.10-"" 


1.03.10-"* 


2.05.10-"" 


A 




thermoh 






1.25.10"'* 


1.11.10-"" 


1.02.10-°" 


2.04.10-"" 


A 




th. +rot. 


0.44 


147 


1.30.10"'* 


8.81.10-"' 


7.90.10-"' 


-6.13.10-"' 


B 


6.0 


stand. 






5.69.10"' 


7.38.10-"' 


5.98.10-"' 




A 




thermoh 






5.68.10"^ 


7.40.10-"' 


5.99.10-"' 




A 




th. +rot. 


0.45 


167 


5.88.10"^ 


5.60.10-"' 


4.59.10-"' 


-9.77.10-"' 


B 
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Table 4. Same as Table[I]forZ=0.014 













Mass fraction ''He 






M 




* Z.AMbl ' cnl 


* ZAMS 


life time at TO 


IDUP 


2DUP 


Yield ^He 




(Mo) 






(km.sec"') 


(yr) 






(Mo) 




l.U 


— 

stand 










1 .Zo. iU 


n n 1 (i-'J4 


A 
A 




thermoh 






1 1 c 1 nlO 
1. ID. lU 


1 AA 1 n~03 


9 7Q 1 n~0'^ 
Z. / 7. lU 


( 1 1 H"*^"^ A A 1 Q9 1 C\~^^'^ 
(,1.V/.1U , I.VZ.IU 


L. 


1 1^ 


thermoh 






4. /{J. lU 


8.74.10"'^"^ 


3.33.10""^ 


/o A 1 1 n-U4 w '~\ ZA 1 n-04 
(Z.oi.lU , A) Z.J4.HJ 






th. "Hrot. 






J . UH- . i U 




Z.V3. iU 




c 


1 c 


stand 








U.U4. lU 


c Qi; 1 0-^14 


oi 1 n— 04 A \ c on i n— 04 
(j.Zi.lU , A) j.zU.lU 


L, 




thermoh 






Z.Zy. lU 


6.04. 10"*^"^ 


3 77_t()-04 


("2 Z.1 1 n— 04 \ \ 1 Ai 1 n— 04 
(3.J3.1U , A) 3.43. lU 






th +rot 




1 10 


2.56.10**^ 


S 1 C\~^'^ 

J.yjo. lU 


Z. 7 J. iU 


(1 70 10"*^4 9 A4 10"**'^ 




Z.U 


stand. 






1 n 1 1 n^*y 


Q /in 1 n-ll4 
3.4U. lU 


3.33. lU 


n'2 1 n-04 A \ Q m in-04 
(3.y3.1U , A) 3.yz.iu 


L. 




thermoh 






n 1 1 n08 


3.40.10"*^"^ 


3.06.10"^'^ 


1 AO 1 n-04 
3.0Z.1U 


A 

A 




th J- rr»t 
III. T^lUL. 






1 .UO. iU 


^ 1 Q 1 n-04 

J. 1 7. lU 


9 7^ 1 0-^*4 

Z. / J. lU 


M IR lO"*^"* 1 19 10"**^ 


\^ 




th. +rot. 


n Q 1 




1 no 1 n09 
l.Uo. lU 


Z.VD. lU 


9 A 1 n~**'* 

Z.O. iU 


9 1 (l"*^^ 

z.y /.lU 


A 
A 


Z.J 


stand 






j.ZZ. lU 


9 10 1 n-'J-^ 

Z. i 7. lU 


9 1 K 1 0-^4 
Z. io. iU 


^ 1 o 1 n-04 
3.1Z.1U 


A 

A 




thermoh 






j.zz. lU 


2.19.10"°'^ 


2.19.10"^"^ 


1 I A ^ n-04 
3.14.1U 


A 

A 




th +rot 




130 


J. / U. iU 


Z.Uj. lU 


9 09 1 0~'^4 


(1 S(S lO"*^"^ A 'I 9 SO 10"*^^ 

V^Z,.OU.lU , r\.) Z,.OL/.iU 


Q 




stand. 






3.3 /. lU 


i .03. lU 


1 Al 1 n~"'+ 


O A^ 1 n-04 
Z.oj.lU 


A 

A 




thermoh 






Q o 1 1 n08 
3.Z1. lU 


1.60.10"°"^ 


1.58.10"^'^ 


o ^n 1 n-04 


A 

A 




th. +rot. 


0.45 


136 


3 52 10**^ 


1.48.10"*^^ 


1.46.10""^ 


(2.35. 10"*^"^, A) 2.30.10"**^ 


c 


4.0 


stand. 






1.61.10'*^ 


1.07.10"''^ 


1.04.10"''^ 


2.04.10"'^^ 


A 




thermoh 






1.61. 10^^ 


1.07.10-0-^ 


1.03.10"°^ 


2.04.10"*^^ 


A 




th. +rot. 


0.45 


144 


1.67. 10«^ 


9.41.10"*^^ 


9.18.10""^ 


1.72.10-04 


A 




th. +rot. 


0.93 


300 


1.68.10*^^ 


8.41.10""^ 


8.23.10"^^ 


1.46.10"^ 


A 


6.0 


stand. 






6.16.10'^' 


6.80.10"'^' 


5.92. 10"''" 


-1.05.10-04 


B 




thermoh 






6.16.10**^ 


6.75.10"^^ 


5.89.10"^^ 




A 




th. +rot. 


0.45 


156 


7.24.10*^^ 


5.78.10""^^ 


5.04.10"^ 


-5.37.10-0^ 


B 



